Abstract --The aim of this paper is to simulate, with saturation and faults of rotating diodes rectifier, a large power brushless synchronous generator (BLSG) which is used for large turbo-generator brushless excitation systems. Reluctance network coupled with electric circuits and power electronic part integrating movement and nonlinearities of material has been developed. The approach realizes a good compromise between accuracy and computing time in order to completely analyze a 39 phases machine with 117 teeth and 22 poles and 78 diodes of the associated rectifier bridge. Experimental measurements validate our model and numerical simulations with finite element package.
I. INTRODUCTION
HE exciter brushless synchronous generators (BLSG) with their integrated rotating diode bridge are used to supply the AC turbo-alternators of nuclear power stations (Fig. 1) . They are multiphase salient poles synchronous machines with external rotor and fixed interior inductor. The armature winding is placed on the rotor. The rectifier diode bridge mounted on the rotating shaft is fed directly to the field winding of the turbo-alternator without any sliding contacts. It is necessary to develop a transient analysis model to predict and understand the constraints on the diodes and the behavior of the generator in transient operating phases (starting, over-excitation ...) and in fault mode when failure of one or more rectifier blocks occurred. The development of a transient analysis model must deal with a number of difficulties. Indeed, as over-current can occur in various studied modes, the nonlinear behavior of the magnetic part must be taken into consideration. Moreover, in the failure modes, no geometry reduction of the studied domain is possible by lack of symmetry.
An attempt to tackle this problem that can be cited here is presented in [1] - [2] . In this model, the magnetic parts are represented as self and mutual inductances in the electrical circuit. These parameters can be numerically calculated using the energy perturbation method [3] . The authors also show the importance of taking into account the armature end turn mutual linkage flux, especially in transient fault regime. The effect of magnetic saturation is taken into consideration by introducing a global saturation coefficient which does not consider the local behavior of magnetic circuit. The magnetic behavior of the generator cannot be obtained.
More recently, some articles provide models for fault detection such as [4] - [5] for BLSGs with diode bridge. They are generally based on "RL" model. The author in [5] proposes to take into account short-circuit between turns which are difficult to be simulated. However, as previous works, some important assumptions are imposed under which the effects of magnetic saturation, rotor saliency, coil span and slot harmonic are neglected.
Nonlinear transient models using 2D finite element coupled with armature external electrical circuit can also be used to simulate some short-circuit fault scenarios [6] - [7] . These models give good accuracy but require a very large computation time as reported in [6] . For the bridge-rectified generators with a large number of phases and diodes, a complete study for multiple fault scenarios is very difficult to be carried out using finite element models.
Our approach is based on a Reluctance Network (RN) model which allows for a full fault analysis including nonlinear magnetic behavior of the machine and electrical stresses on rectifier diodes.
This approach is used in many papers providing a good compromise between computing time and accuracy. As in [8] , the authors propose a nonlinear reluctance network model that can be advantageously used for geometry optimization as well as for the diagnosis of demagnetization of surface permanent magnet motor. Robust models based on permeance network method (PNM) can also be developed for the diagnosis of stator faults [9] . This model allows taking into account the local magnetic saturation of the magnetic circuit due to heavy stator fault currents and allows for a low computation time compared to the finite elements method. As shown in Fig. 2 , the salient inductor consists of 22 poles each having two flat coils. The rotating armature is mainly comprised of a magnetic circuit, a winding of corrugated type and a diode rectifier bridge. It consists of 39 phases connected in polygon. Each phase is connected to two rectifier diodes. The circuit has 2 × 39 diodes in total. The rotational speed of the exciter generator is imposed by the alternator rotor speed which is generally fixed. Some main data of the exciter are given in Tab. I.
III. RELUCTANCE NETWORK MODELING AND ELECTRONIC

CIRCUIT
In this section, the construction of the Reluctance Network (RN) of the magnetic part of the machine is firstly shown. Each part of the magnetic circuit is symbolized by its reluctance [10] . The network topology is chosen according to geometrical considerations based on knowledge of the general direction of flux tubes [11] . The consideration of the magnetic nonlinearity and the rotation is introduced [12] - [13] . Next, the coupling between magnetic and electrical parts is presented taking the particularity of the winding into account.
A. Reluctance network
The composition of the reluctance network is sketched in Fig. 4 where a portion of inductor with two poles is shown below the armature one. The circuit of the inductor comprises the nonlinear reluctances of the magnetic part (yoke and pole) and linear reluctances of the slots between poles to include leakage flux. The magnetomotive force (m.m.f) sources are corresponding ampere turns of the DC excitation coils. Their distribution in the circuit satisfies the Ampere law for every loop in the RN, for example:
For the loop 1, one has :
For the loop 3,
Similarly, the circuit of the armature comprises its yoke, teeth and leakage reluctances. The introduced sources are the m.m.f of AC armature electric current induced in the magnetic circuit. Current directions which depend on the winding configuration must be correctly taken into consideration. The reluctances, say pole/tooth, model the circulation of magnetic flux in the air-gap between the inductor and the armature. To allow for simulations with rotation, we use the configuration of air-gap reluctances as one described in [12] - [13] . In this configuration, each pole is connected to every tooth via variable pole/tooth reluctances whose variation is described by the same periodical function but phase-shifted in time. 
B. Magnetic nonlinearity
In our case, the following formula proposed by Marrocco [14] is the best suited for our B(H) data : Using an optimization-based parameter identification approach, the coefficients a i are determined to fit the provider datasheet. The m.m.f (ϕ) relationship equivalent to this formula is written as following:
where ϕ is the magnetic flux through a branch of the magnetic circuit, m.m.f the value of the current depending voltage source which models the nonlinear reluctance, L and S average length and section of the branch.
C. Rotation
In the following, the calculation of the reluctances in the air-gap is detailed. Our approach is based on the Tooth Contour Method (TCM) presented in [15] - [16] which consist of solving an electrostatic problem in a restricted air-gap region of the machine with appropriate boundary conditions to define the equivalent capacities. The value of the latter is inverse of the reluctance in a corresponding magneto-static problem.
In the TCM, iron regions are not introduced in the computation domain. Only the air gap area, bounded by the contours of the poles and teeth, is considered (Fig. 5) . The relative permittivity ε r is homogeneous throughout the area and is equal to the ratio μ 0 /ε 0 = 4π 10 -7 /8.85 10 -12 . In this domain, we solve an electrostatic problem defined by the following boundary conditions (cf. Fig. 6 ):
On the contour of a pole, we impose a unitary potential. This pole is called activated. On the contours of the yoke of the inductor, we apply the boundary condition that ensures that the field lines are parallel with these contours. On all other contours a zero potential is imposed. Fig . 7 shows the distribution of electric induction D in the TCM which is then compared with magnetic induction B in a magneto-static simulation. As can be seen, with the chosen boundary conditions, these results show a good accordance between the fields. The electrical flux through a selected tooth is then calculated. We deduce then the reluctance value. This calculation is performed for various positions of the rotor. We finally obtain an evolution of the reluctance between a pole and a tooth as a function of rotor position.
The curve with red circles on Fig. 8 plots the variation of the reluctance pole/tooth as a function of the position θ obtained by the TCM method. The angle θ is the relative position between a pole and a tooth which translates the rotational movement. In this figure, the position θ = 0 corresponds to that in which the tooth is exactly aligned with the pole. As θ increases, the tooth moves away from the pole. This variation according to θ can be approximated by a function as follows: where R min is the value at θ = 0, R max = 1000R min for a sufficiently large value. After a parameter estimation step, one can get γ and β. From this function, we can deduce the evolution in time of the reluctance pole/tooth using the relationship θ = Ωt where Ω is the rotating speed.
It should be noted that the reluctances vary periodically.
The period corresponds to one rotational turn of the machine as the tooth comes align with the pole. In addition, associated to a given pole, the pole/tooth reluctance functions have the same form for all teeth but are phase-shifted in time. The phase shifts are calculated from the mechanical angle Δφ (rad) between the teeth. In order to take into account the variation period and the phase shift between the teeth, we use the following form for the air gap reluctance functions [17] : 4) where k is the desired number of rotational turns in the simulation. The time variation of the reluctance pole/tooth for two adjacent teeth 1 and 2 is plotted in Fig. 9 . The latter complete the reluctances network of the machine in static regime. 
D. Winding
In order to obtain the e.m.f, we use a coupling circuit which aims to take the derivative of the totalized flux through each phase [18] . The idea is illustrated as in Fig. 10 . Firstly, the flux which crosses each spire of a phase can be determined by the sum of the fluxes passing the teeth covered by the surface of this spire. The latter, denoted by
where k is the number of the teeth related to the spire, are fluxes crossing the corresponding tooth reluctances in the RN which can be easily defined once the distribution of the winding is given. .f j ) . The gain G2 of the VDVS is defined as the number of turns N of the phase coil. The latter is then debited on a resistance of arbitrary value (Rx). The current is proportional to the value of the phase e.m.f. The elements previously described are built once for each phase. Finally, a Current Dependent Voltage Source (CDVS) is used to reconstruct the e.m.f as voltage across the two terminal nodes of the phase j, namely epha j and epha j ', of the electrical circuit part. The latter are then connected to the diode bridge as shown in Fig. 12 where the nodes ecolNEG and ecolPOS are respectively the negative and the positive collector. When the voltage across the diode V D exceeds the threshold voltage V fwd , the diode is in ON state. Its dynamic resistance (R on = ∂V/∂I) becomes very low, the current increases very quickly with the bias voltage. When V D < V fwd , the diode is in the blocking state. The current does not vanish but is very low. The diode is considered as a very large value resistance. In our case, the behavior in the breakdown area is not considered. Fig. 14 shows a comparison of the time variation of the tooth flux between RN and FE model when the rotor turns at constant speed of 1500 (rpm). For this simulation, the computation time of our FE model is 35 706s using a fairly fine mesh whereas it takes 546s with the RN model. Note that in the FE model, the rectifier bridge is not taken into account. 
VI. LOAD SIMULATION
The coupled circuit model presented in the Fig. 12 is used to simulate the cases at load. Figs. 18 and 19 show the comparisons between finite element model and reluctance network for phase e.m.f and phase current obtained with an excitation current of 220A. The RN model gives a quite good accordance with FE model. The computation time for this simulations with RN is 1.12h for 58ms of simulation whereas it takes 77h for 5ms of simulation with finite element package. VII. FAULT MODE In this section, a simulation of a sudden opening of one diode block is carried out. The diode block of the phase 1 (comprising 2 diodes D_phaPOS1 and D_phaNEG1, cf. Fig.  12 with j = 1) is suddently opened at 0.01s. The impacts of this fault on the retified voltage and phase currents are studied. Current stress on the others diode blocks are observed.
The wave form of the retified voltage is plotted in the Fig.  22 . As can be seen, the presence of the fault has a little effect on the output voltage which can continue to feed the turbogenerator.
However, the presence of the fault increases the current stress on diodes. The currents through the diodes in the neighbor blocks 2 and 3 are plotted in the Fig. 23 . After the fault occurred, the maximal forward current in the diodes of the blocks 2 and 3 is higher about 12% and 4.3%, respectively. The average forward current in the two blocks is also increased, 8.7% for the diodes of the block 2 and 6.5% for the ones of the block 3.
This situation could be more dramatic when several diode open faults occurred simutanously or consecutively. In these cases, the fault detection is very necessary. 
VIII. CONCLUSION
Reluctance network coupled with electric circuits and power electronic part integrating movement and nonlinearities of material has been developed in order to analyze a complex machine associated to rectifier bridge. Experimental measurements under no-load validate our model and numerical simulations with finite element package.
Simulations in load and fault regimes with RN model were detailed and presented. In this case, the armature reaction on the magnetic circuit and the particularity of the winding were taken into consideration. Experimental measurements have validated the global quantities. The approach realizes a good compromise between accuracy and computing time. In the future, an analysis of the complete system will be necessary as well as detailed analysis of the flux density in the machine.
